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Abstract. —We conducted a survey on the mycorrhizal status of neotropical ferns, focusing on 

previously neglected taxa. These include the filmy ferns (Hymenophyllaceae), grammitid ferns 

(Polypodiaceae), and the genus Elaphoglossum (Dryopteridaceae). Samples were collected at 

different sites in southern Ecuador, Prov. Loja, Morona-Santiago, and Zamora-Chinchipe. Among 

the 85 investigated species (101 samples, 10 families), 19 were associated with arbuscular 

mycorrhizal fungi (AMF) and 36 were infected by dark septate endophytes (DSE), which are 

identified as ascomycetes and here considered as a kind of mycorrhiza similar to the ericoid type. 

The roots of 30 species (including all non-grammitid Polypodiaceae and half of the Elaphoglossum 

species) were free of evident fungal infection. AMF were frequent in terrestrial species (29.10% of 

species, or 48.49% of infected terrestrial samples). DSE prevailed in epiphytic species (58.62% of 

species, or 96.15% of infected epiphytic samples) and were also common in terrestrial samples of 
predominantly epiphytic species. 

Ke^ Words. Andes, arbuscular mycorrhizal fungi (AMF), ascomycetes, dark septate endophytes 
(DSE), grammitid ferns, Hymenophyllaceae, vesicular arbuscular mycorrhizae (VAM) 


Mycorrhiza, the symbiosis between fungi and plant root, is known to enable 
plants to survive in the harshest environments by mediating nutrient and 
water fluxes (Allen et al, 2003; Cairney and Meharg, 2003; Cooke and Lefor, 
1998). Despite the evident advantage, there are conditions under which plants 
may dispense of a fungal partner and thrive, especially if they are growing on 
substrates with easy nutrient availability. Since most plant groups have a 
preference for one type of substrate, it does not surprise that mycorrhizae are 
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unevenly distributed among the plant families (Newman and Reddell, 1987; 
Wang and Qui, 2006). Each new screening for fungal infections helps to 
understand the relationship between substrate type and mycorrhizae, 
especially if they include exceptions from the rule (e.g., Gemma et al., 1992; 
Moteetee et al., 1996). 

Mycorrhization is common and diverse among landplants (Brundrett, 2002, 
2004; Allen et al., 2003) but only two types have been confirmed for ferns and 
lycophytes. The arbuscular mycorrhizal fungi (AMF) belong exclusively to the 
Glomeromycota (SchiiBler et al., 2001; Brundrett, 2004) and are the oldest form 
of the symbiosis (Pirozynski and Malloch, 1975; Blackwell, 2000; Brundrett, 
2002). They are prevailing among ferns, lycophytes, and most other groups of 
vascular land plants (Brundrett, 2004). AMF are unable to grow without the 
association to a green plant (Brundrett, 2002), and are not easily dispersed 
from the soil to other habitats (Janos, 1993). The other group is the dark septate 
endophytes (DSE), which is a polyphyletic compound of several more derived 
fungal lineages. Contrary to the AMF, their spores get airborne more easily and 
are thus more readily available in the epiphytic habitat. The symbiotic 
character of DSE associations is still discussed controversially because the taxa 
involved are closely related to non-symbiotic endophytes, pathogens, and 
litter decomposers (Jumpponen and Trappe, 1998). However, most DSE found 
in ferns are apparently related to the ascomycetes (Schmid et al., 1995) that 
form the well-studied Ericoid mycorrrhiza (Cairney and Meharg, 2003). 
Basidiomycetes (i.e., the known showy mushrooms) are commonly associated 
with northern temperate tree species and most orchids, including the 
epiphytic species (Brundrett 2004). Although they can also be found in 
liverworts (Kottke and Nebel, 2005), they are not confirmed as fungal partners 
of ferns and lycophytes (Kottke et al., 2008). 

Compared to the overwhelming diversity of green plants in the tropics, the 
studies on tropical mycorrhizae are relatively few (Wang and Qiu, 2006). One 
area worthy of such investigations is the Reserva Biologica San Francisco in 
southern Ecuador (Prov. Zamora-Chinchipe), where we conducted ecological 
studies on ferns and lycophytes (Gradstein et al., 2007). The 1000 ha large 
reserve contains mature montane rain forest at 1800—3150 m and harbors 247 
species of ferns (inch horsetails; Smith et al., 2006) and lycophytes (Lehnert et 
al., 2007). The rugged topography of the area creates a mosaic of different 
substrate properties, with nutrient deficient soils on the ridges (Gradstein et 
al., 2008) and slopes that receive a downhill flow of nutrients (Wilcke et al., 
2001). The divergent soil properties should also influence the mycorrhization 
of the plant species, given the fact that mycorrhizae enable plants to prosper in 
harsh nutrient deficient environments (Cairney and Meharg, 2003). Surpris¬ 
ingly, many usually epiphytic species in the area also colonize the ground on 
the ridges (Kessler and Lehnert, 2009), although epiphytic ferns are considered 
to be less dependent on mycorrhizae than terrestrial ones. Highly abundant 
groups with numerous epiphytic species in the area are the filmy ferns 
(Hymenophyllaceae), grammitid ferns (Polypodiaceae), and the genus Elapho- 
glossum (Dryopteridaceae). 
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Looking for a reference on the mycorrhizal status for these fern groups, we 

found that most available reports are for smaller regions outside of South 

America (e.g., Berch and Kendrick 1982; Cooper 1976; Gemma et al., 1992; 

Iqbal et al., 1981; Moteetee et al., 1996; Nadarajah and Nawawi, 1993), and the 

few surveys cover only a fraction of the ferns and lycophytes worldwide 

(Boullard, 1958, 1979; Hepden, 1960; Newman and Reddell, 1987). No 

treatment for tropical Andean ferns was found; the few studies in South and 

Central America had either no overlap in the investigated species (Andrade et 

al., 2000; Fernandez 2005), or they had contradicting results for the same 

species (Lesica and Antibus, 1990; Schmid et al., 1995). Compared to the 

general diversity, the number of investigated species from our three focal 

groups (filmy ferns, grammitid ferns, and the genus Elaphoglossum ) is rather 

low. The present account aims to increase the investigated species number of 

these groups in order to have a more representative basis for future 
comparative studies. 

Boullard (1958) included several Neotropical species in his survey but these 
were sampled either from herbarium specimens or from cultivated material. 
Drying reduces the ability of the hyphae to take up the dye, so that the 
mycorrhization of the plant may be rated too low or may go undetected. In 
cultivation, the kind or degree of mycorrhization may depend on the 
fertilization of the substrates (Entry et al., 2002). Species that otherwise are 
mycorrhizal may completely dispense of the symbiosis in cultivation. 
Therefore, root samples are best taken directly from nature and preserved 
specifically for later dyeing. As far as we know, this is the first survey on 
mycorrhizae in tropical Andean ferns sampled in situ. 

Materials and Methods 

Root samples were collected at different sites in SE Ecuador: A) along the 
Gualaceo-Limon road (3100—3300 m, Prov. Azuay), B) the mountain pass El 
Tiro between the towns of Loja and Zamora (2600-2800 m, Prov. Loja/Zamora- 
Chinchipe), C) the area of Cerro Toledo, situated E of the town of Yantzatza 
(2900-3100 m, Prov. Loja), D) Reserva Biologica San Francisco (1800-2600 m, 
Prov. Zamora-Chinchipe), E) Reserva Cajanuma (2750 m, Prov. Loja), F) 
Reserva Tapichalaca (2450-2650 m, Prov. Zamora-Chinchipe), and G) the 
Campamento Indfgena Shaimi on the shores of Rfo Nangaritza (900-1200 m, 
Prov. Zamora-Chinchipe). The study sites span an elevational gradient of 
2400 m and range from lower montane forest to paramo vegetation. All sample 
areas face east and receive heavy precipitation all year round (Richter, 2003). 

Sampling was focused on previously rarely investigated taxa. The substrates 
of the ferns were categorized as terrestrial, epiphytic, and saxicolous 
(= epilithic, rupicolous). Voucher specimens were deposited at Pontificia 
Universidad Catolica del Ecuador, Quito (QCA). Duplicate collections of M. 
Lehnert were further distributed to Gottingen (GOET) and Berkeley (UC). and a 
set of specimens collected by L. Pazmino is deposited at the herbarium of 
Universidad Tecnica Particular de Loja (UTPL), Ecuador. 
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Sample plants were carefully removed and cleaned mechanically from the 
substrate, then rinsed with water to remove smaller litter parts and mineral 
compounds. At least 10 cm of roots from each specimen were preserved in 
70% ethanol; of plants which we suspected to harbor DSE, additional 5-10 cm 
of the roots were preserved in 10% aqueous glutardialdehyde for transmission 
electron microscopy (TEM) preparation and stored at 8—10°C. 

Preparation of the ethanolic samples for light microscopy followed Grace 

and Stribley (1991) and Haug et al. (2004). The samples were cleared in 10% 

KOH for ca. 24 h at 60 C; if the roots were still dark, the KOH was changed and 

the sample was kept at 60 C for another 12—24 h. Then the roots were rinsed 

twice with water and acidified with 1 N HC1. Staining was done with 0.05% 

methyl blue in lactic acid for at least 3 h. The stained roots were examined 

with a dissecting microscope at 30—60 X; promising young roots were cut into 

portions, mounted on slides in lactic acid and examined at 100—400 X. If 

mounted roots turned out to be insufficiently cleared, they were bleached with 

3 % H 2 0 2 for 2-5 min, rinsed with water and acidified with 1 N HC1. Then 

they were covered with same staining solution as before and heated over a 

small flame for 1-3 min. Excess staining solution was washed off with 90% 
lactic acid. 

Preparation of the TEM samples followed Schmid et al. (1995). We opted for 

the fixation with 1% osmiumtetroxid for 1 h at 20°C, then 1% uranylacetate for 

1 h at 20°C. Samples and slides are stored at the Georg-August-Universitat 
Gottingen, Germany. 

AMF were screened in the light microscope for presence. AMF are 

recognizable as relatively strong, aseptate hyphae with irregular diameter, 

forming terminal and lateral vesicles (Boullard, 1958). These infections were 

counted as real mycorrhizae if arbuscules were visible in the cortex (Gemma et 
al., 2002). 

Dark septate endopyhtes (DSE) were assigned to ascomycetes (Schmid et al., 
1995) if the characteristic Woronin bodies at the porate septa in the hyphae 
were visible in the TEM (Fig. ID; Haug et al., 2004). Fungal infection was 
considered as mycorrhiza if hyphal coils were developed in host cells that 
were still intact and showed some response to the infection, i.e., thickening of 
the cell walls where the hyphae penetrated the cell and thickening of host cell 
cytoplasma as indicator of increased cytological activity (Fig. 1C). 

The frequency of infections in the roots was quantified under the light 
microscope, preferably on a single root with a minimum length of 10 cm 
measured from the root tips. In cases where the plants developed only 
considerably shorter roots, we combined several complete roots to reach the 
minimum length of 10 cm. The frequency of stained hyphae was categorized in 
three classes (Gemma et al., 1992) to give an impression of the extent of the 
infection: Present in 1) <25%, 2) 25-75%, and 3) >75% of investigated root 
length. Presence of single hyphae or vesicles in the outer cortex as well as 
infection rates below 5% were considered as erroneous infections and not 
counted as mycorrhizal association. We did not distinguish between 
“obligately'’ and “facultatively mycorrhizal’’ because we usually sampled 
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Fig. 1 . Fungal infections in fern roots. A) AMF infection in young roots of Loxsomopsis pearcei ; 
arbuscules fill out most of the cortical cells. Photograph M. Lehnert; B) DSE infection of root cortex 
in Lellingeria major , visible as external net and dense, internal coils of hyphae. Photograph M. 
Lehnert; C) Infection by ascomycete in Melpomene firma; the hyphae enter the root through the 
root hair tips (black arrows) and form dense hyphal coils in the outer cortex (outlined arrow). 
Photograph M. Lehnert; D) Infection by ascomycete in Melpomene firma ; detail of septum with 
characteristic Woronin-bodies, visible as darker dot on each side of the septum. TEM-photograph 
I. Kottke. 


only one specimen per species and habitat. Since degree and frequency of 
mycorrhization is dependent on external factors, such a categorization would 
be misguiding. 


Results 

Among the 101 Ecuadorian fern samples, 85 species from 10 families were 
represented (Table 1). A total of 63 samples were infected by mycorrhizal 
fungi. AMF occurred in 19 species (22.35%) represented by 19 samples, and 36 
species (42.35%) represented by 44 samples were infected by dark DSE 
(Table 2). Identified DSE always turned out to be ascomycetes that probably 
form a mycorrhizal association similar to the ericoid mycorrhiza (Sr\mid et 
al., 1995; Kottke. 2002). Since it was not possible to process all specimens in 
question adequately, we retain the more general term DSE in the following 



















LEHNERT ET AL.: MYCORRHIZAL FERNS FROM ECUADOR 


297 


passages. The roots of 35 samples were free of evident fungal infection. Three 
specimens [Arachniodes denticulata, Elaphoglossum lloense, Micropolypo¬ 
dium sp .) had only a weak peripheral infection by DSE. They were regarded as 
dubious and are included in the non-mycorrhizal species (35.30% of the 
species). Mixed infections cannot be confidently reported. 

AMF were found in 29.10% and 28.57% of the terrestrial and saxicolous 

species, respectively, but only in 3.45% of the epiphytes (Table 2). DSE 

showed a similar presence in terrestrial and saxicolous species (30.91% and 

28.57%, respectively), but they dominated over AMF in the epiphytic species 
with 58.62%. 

Hymenophvllaceae were represented with 18 species in our sample and 
showed a high presence of mycorrhization (78%). The mainly epiphytic 
species of Hymenophyllum were colonized by DSE (80%), whereas the 
predominantly terrestrial or saxicolous species of Trichomanes s.l. ( Tricho- 

f ^ ^ 1 more cases of AMF infection (50%). One 

unidentified Trichomanes grew epiphytically and had DSE like the epiphytic 

Hymenophyllum species. The only terrestrial Trichomanes s.l. with DSE was 
Trichomanes dactylites Sodiro. 

Grammitid ferns (Polypodiaceae; Schneider et al. , 2004, Smith et al., 2006), 
represented by 24 species, had an infection rate of 75%. Only ascomycetes 
(i.e., DSE) were found as fungal partner, even in terrestrial and saxicolous 
species (L. Pazmino, unpubl. data). Non-grammitid Polypodiaceae were 
completely free of evident fungal infections. 

Among the 23 species of Elaphoglossum, we found only 12 (52.20%) with 
fungal infection. DSE accounted for 75% of the infections. 

The remainder of the investigated species showed mycorrhizal associations 
as was more or less expected from previous accounts. All three species of 
Asplenium (Aspleniaceae) were terrestrial and free of fungal infection. Of the 
two terrestrial species of Blechnum (Blechnaceae), only one had a low AMF 

infection. The investigated Pteridaceae showed a medium to strong infection 
by AMF (2 species, 100% infection). 

Although they have been cited as examples for high infection rates 

(Boullard, 1958, 1979), only 50% of the species in the Cyatheaceae and 40% 

of the species in the Gleicheniaceae had mycorrhizal associations (Table 1). 

However, the exclusive colonization by AMF could be confirmed in both 
families. 

Our sample size was not sufficient for a statistical analysis of changing 
mycorrhization along an elevational gradient. The localities of the samples are 
included in Table 1 for future studies focusing on this topic, which may want 
to include the data presented here. 

Discussion 

The overall infection by confirmed and putatively mycorrhizal fungi among 
our samples was 62.38% (64.70% at the species level). These percentages are 
lower than those reported for angiosperms or land plants in general. Trappe 


298 


AMERICAN FERN JOURNAL: VOLUME 99 NUMBER 4 (2009) 


03 I 

m © 

2 o 

03 CM 
C /3 "— 

M O 

f-H ^ 

Cw 01 

T3 *-* 
C 

II H 
X £ 

C/j fc 

Q ^ 
. U 

tu 

£ -= 
— ^ 


03 

X 


o 


io 

CD 

CM 

I 


Cw 

N 


3 


00 

f* CM 


o 

a 


ca 

3 

u 

ICO 

G 

X 

E-* 

03 


I 

o 

o 

* CD 

CM 

O 

S-, 


LO 

CM 

CO 

CJ 

CC 

s 

u 

’EL 

03 

H 

CC 

►v 

CD 

C /3 


X 

C /3 

C/3 

ca 

CL 


x .5 

C3 


r ds 


X 


5 


< c 


C/2 

o 


o 

PS 


in 

t>s 

CM 

CO 

G 


c 

o 

cm 


C PQ 

U 


5 


x 

C0 

C /3 

II 

» cn 

® i 


■> o 

o 


CO 

■ 

03 

U 

c0 

> 

— 

03 

C/3 

CD 

pq 

S' 


o 


g 

a 

cn 

CO 

a 

CD 

GO 


CL 

03 

II 

m 


CO 


~ 

— 


3 

x 

CM 

! 


3C 


“ —1 


C/j 

C3 


■5 

CD 

CO 

2 


* 

I 

W3 


© 

B 

co 

CL 

— 

CO 

U 


II 3 fa 


c 

CC 


L_ 


— cr 

■*—* 

7Z - — 


■ W 

#■ n 


W 1 
jt •% 


00 

• z 


X 


LU 


_ r 1 

—-> .*T' 


c 

CO 

C /3 

"C 

03 

CO 

DC 


a; 

u, 

X 

•H 


Gfi 

03 

ivf 


J—I 

pv 


X 

— 

c 


7^ 


II 


C/3 

3? 


□ 




- -T 

* p— 

Q 

-3 


L 

Em* 

n 


r* 

H 

E 



n 

a 

— 


G 

O 


u 

03 

13 

u 


u 

!D 


03 

CL 

*■ 

H 


a 

c 


CO 

00 

£ 

3 

X 


03 

"3 


C /3 

I 


CC 


C /3 

m 


03 


# 


x m cn 


n LO ^ 
N 05 03 

I 1 CO (I 


• * # 


ts 

03 


X 

- 

03 

03 

G 

G 

X 

X 


03 03 03 

J J J 


C /3 




cr 


f/3 

oc 


, <«L i^_ 


■■ X Cl 

XXX 

*i .» 

•c t: -r 


CC 


a o 


C3 

•CO rf 

-r ** 



L 

G 


03 

X 


X 



< 


in 

CM 

I 

m 


r T 


«3 

N 


U 


03 

c 

— 

03 

►J 


C /3 




* 


CC 

u 


aQQQfcQ 


rf 


(-* 

03 

G 

JG 

03 

*3 


U- 



<1 


in 

CM 

1 

m 


x 

*~r 


in 

in 


^ o 

x tx 


in 

in 

x 




-—- 
03 

G 


0) 


C 


« 


G 

G 

03 


pu 



< 


in 

03 

I 

m 


K. 

■ 


— 

03 

G 


03 


Qj 


*5, g 

-c "S 


■-W 

OB 

r 


03 

03 

-4 


03 


f— 

03 

G 

p3 

03 


s- C 


PL 



< 


in 

CM 

1 

in 


21 


O 

_* ■ 

03 *G 

c ~ 


1/3 


03 


*03 

CL 


IX Q 


QUuaumQQQU 


x 

03 

03 


in 

x 


x 

03 


X 


X 

X 

M' 


x ^ cm x cm 

x x x in in 03 x 

t cn in in i< ^ 


W W C W 

i t t t 

Jp* _ f—* r p* ^ 


Qj 

7Z 

03 
-» ■% 

r3 






s s 


“G 

t— 

03 

03 

G 

G 

X 

r-j 

03 

03 

X 

X 


0- * 
x 
cn 

c 


x 

V 


03 


to U 

Jg DG 
U GT 


cX 

m M 

u £ 


O 

cn 




cn C 3 


M <-\ 


_ G 

c; D D 

03 _ 


U ts 

03 03 


03 


t-, 

03 


03 03 03 03 


03 


cn 


T3 

" * — 

P C 

g ~5] 

“ "C 


X VJ 


Cfl 


U u 

ad e 


u 

sc 


cc 


c_ 


t-H 

03 

G 


03 

X 


in 

N 

I 

in 

CM 


r? X 


O O _ X 




« 

* 


Ut 

03 

G 

JC 

QJ 

X 


X X 
X X 

Q Q 


m 

c^i 

I 

LG 


' ’ L 


%n 

f _ 


'w ^ 


-0 . 


W M » a ''" L r a jP ■ — m & ^ a 


cr, 

f' 


Q L3 

"on On 


* — 

p 


cr. 

C 

I 3 


03 


2 L~ 

2 x 


E3C 


G 0 


•r;™ , 

cr cr c 


GQ bo 


— 


33 


03 

X 


H -G 


X 

cn 

P 


in 

C3 

I 

X 




=: 


■o 

Cfl 

Cr. 

o 

bb 

G 


fr-, E-t 

03 03 

G C 

x X 

03 03 

X X 


X 

I 

in 

CM 


03 03 03 


u 

u 


o o — 


cn 


-y* 

crl 

C 

GO 

G 


cr 

cr 




03 

G 

X 

03 

X 


[x2 

w 2 

c < 


In 

M 

I 


03 

O 

c 

2 

■ 

H 


u 

cr 


o 

X 


lT 


v_ 

m 

m ^ 

2 


go ob 


00 

G 

cr 

O 


Pj 

fi 


=- a. =. 

^ = c 3 


§» 

Q. 

C 






















LEHNERT ET AL.: MYCORRHIZAL FERNS FROM ECUADOR 


299 


W 

0 

D 

d 


C 

U 


w 

— 

a 

< 

H 


u 

c 

J 


a 

■ 


u 

0 

o 

U 


d 

o 


u 

c 


03 

a, 

H 


u 

03 


a 

DC 


la 


03 

- 


X 

■ 


P P Pa 


CM 

03 


CM 

cn 


" * w 

S2S 


a 

CL' 

E 

03 


a a 

03 0 

3 d 


03 03 


Pa cw * 
Pa) 

. 52 

< Q 


Pa 




< 


in 

ta 

I 

in 

CM 


C 


co 


c 


-0 

w 


m 

V 


in 

CM 

I 

in 


03 03 — 



QTD 



0 
f—# 

0 

3 

V 

s 

— 


r X 

V. 


* cn 

o 


0 

X 


CTj 

c 


tr* 0 r 

CL 


CO 

E> 


V. 

V. 

O 

§j 

*w 


3. 3, 

a c a 




CjQUQQQQPaUEaca 


06 *P 
. ^ 



T3 

03 a 

d 1:0 


0 



Pa) 

CO 

Q 


in 

CM 

I 

LO 


o 

r 





n 05 N 

in in oo 
in t 


CD CM 

co c 

rf in 


■X 

X 


x 

ta 


CD O 
^ X 

03 




a a a 
0 0 0 
c c c 


._ a a a 

0 0 0 0 0 0 

c c e c d a 


— 

0 


© 0 0 0 0 0 0 0 0 0 
1 ■ 1 ■ 1 ' 1 ' 1 aJ J J j J 


in 

[N. 

I 

X 

CM 


0 0 


03 

0 

P 


X 

C 

03 

X 

a 

0£ 

E 

3 


U 

m 

U 


CIJ 

n 




CQ 

OQ 

03 

'X 

3 


§ ^3 

03 a 

IX X. 


w w 

• C/3 GO 

Q Q 


x 

CM 

I 

in 


0 0 


Pa 



< 


[jj Pa Pa 

03 2 2E 

a 


in 

CM 

I 

X 


in 

ta 

I 

x 

CM 


X 

la 

I 

X 

CM 


LO 

ta 

T 

x 

CM 


0 


0 

t—* 

c 

c 


£— 


X 

a 


j» •* 


x 

N 


X 


r ■* 


-2 

CO 

no 


X 

0 

a 

CL 

u 




= 


3 3 


c 

C/l 


c 


cm x e 


c X 


3 p. 


x x x X L- 

E E S E E 


X 

X 


OJj 

c 


X 

c 

Er, 


x 

X 


~r 

a 


x 

v, 

o 

Er 


3 

x 

X 

o 

5jb 

o 


3 3 

X 


f, 

fj 


X 


O 

Efc 


3, Q, 

C 3 


Q, 3. 


3 

3. 


00 


x x 

* Mm 

Q y 

o c 


qaa 30 ©o©x^ 

PqE3525c2Sta5 33 n 


Pa Q Pa Pa Pa Pa Pa 


U DQ Q O Q ffl ffl 


CM 

o 

05 

CD 

CO 

CD 

05 

ta 

X 

X 

ta 

M* 

-* 

la CM 


00 


ta 

CD 

ta 

ta 

ta 

rH 




•05' 

CD 

*r 

X 


CM 

*? 

** 


X 


X 


-r 

x 


£-h 

03 

3 

r^. 

0 

J 




03 

a 

0 


a 

0 

3 


a 

03 

d 


a 

0 

a 


0 


0 0 


— Pa 

2 2 

< < 


x 

CM 

I 


X 

CM 

i 


E JEPJIEP 
oo 


0 


C 


« GQ ffl 

. j 

~Z * «a 

00 c3 0 cc 
« ^ ^ Li 

Q oo op d 


3 

GO 

0$ 

< 






X 


2222222 


TJ 

P4 

ts 

a 


a 

t; 

r 

t: 

03 

0 

0 

0 

0 

0 

0 

0 

0 


d 

d 

LD 

1 

d 

J3 

3 

M 

c 

— 

c 

— 

^3 

■*, 

|| J 

0 

0 

0 

0 

0 

0 

0 

0 

n4 

►-J 

J 


J 



J 

J 


m 


X X 


X 

O 


X 


0 0 


■u 
r ’ 


r- x 


3 

E 


X 

3 


a 

fr 


3 

3 


3 

s? 


x x 
O O 
d 3 

EP *SP 
s 


x 

X 

O 

3 

3 


Pa 



< 


Pal Lq 
GO GO 

S n 


W W Pd w 

co co co c/: 

Q Q P Q 


x 

I 


x 

CM 

I 


X 

CM 

II 


X 

CM 

II 


X 

C^J 


X 

la 


5 

5 

an x 

x Ln x an 


.{SI - 

CM 


X 

ta 

£ 

X 

CM 


0 0 4—' 0 0 


a 

X 

X 


a 

cr 

E 


3 

X 

C 

S 


a 

C« 




O g 

S c 


c^: 






a 

llo > 

3 r cr 

o zi 

^ 5 x 

3 03 

3 *3 *E 
O^O 


x 

a • 


| 5 
&i 

3 

r o ■ 

C *3 


X 


r -i, 


r • 






3 3 




Xj 


a x 

X X 


a a a a a a 

0 0 0 0 0 0 


3 3 

* 0 ^^ * 

go 55 c 


3 3 3 


C 


GO GO Go Pn r* 




CL 

C 

3 


3. 


g. 


*5- 

a 


n* 

3 

























300 


AMERICAN FERN JOURNAL: VOLUME 99 NUMBER 4 (2009) 


l: 

r 

_: 



U<mQQUGQ 


G Q 



Q Q D 


QQQUOQQQUPQQQ 



in in 
d m 

d -f 


CO CO 

m -r 





d 4 

CO 

d 

CO 

C^l 

tH 

ao 

d 4 

cc 

Lfj 


lo 

*cf 


22222222222 


h h N t ’ T3 

03 03 03 03 03 Q 3 

e c c c e p 

43 p£ 5 _c! ,£ -d -C 

c (c c 33 q 03 

J J J J G g 







LC 





p 

C 

C 


C /3 

a 

Cfi 

C /3 


a 

j 

— i 

m 

— 

! J 

c 

o 

o 

O 

»c 

»c 

tp 

! <G 

§ 

># (■■■• 

6 

E 

V 1 . 

i B 

N 

N 

N 

1 N 

CO 

cd 

CC 

CC 

PL 

CL 

r- 

CL 



in 



IN 


a 


CO 

* 

CT 

# 

* 


d- 

• 

d- 

* 

m 


— 


rH 


* 

_3 

2 

m 

2 

a 

p 

2 

* 

i-3 

o 



o 


O 

*p 

ir 

M 

*c 

tC 

*q 

* ^ 

a: 

a; 

* 

03 

•<— 

E 

C 

c 

E 


g 

M 

4P 

H 


r d 

N 

CO 

03 

03 

cc 

CD 

CC 


II J J Qm 4 Q 



CO 

CC' 

□3 



* 

CO 

03 

03 

m 

c 

* 

•a 

d- 

d 

rt 

M 

■ 

P-H 

» 

m 

r-^ 

r-< 

t-. 


C /3 

♦ 

GJ 

2 

2 2 

J 

* 

— 

G 




O 

O 

*c 

"C 

t: 

tP 

ip 

»c 

- —♦ 

03 

03 

03 


* I-H 

E 



c 

B 

E 

N 

-3 

r~] 

^3 

N 

N 

CD 

03 

03 


CD 

CD 

PL 

G 

J 

J 

CL 

CL 


P 

o 



g 

C/3 

Q 



- 

c/3 




w 

CO 

Q 


-i M 

2 2 OT 

Sj D 



W 

W 

w 

W 

PL 

W 


PL 

PL 

PL 

PL 

C/3 

GC 

03 


C/3 

< C/3 


03 

C/3 

• C/3 

c^ 

Q 

Q 

Q 

Q 

Q 

Q 

Q 

Q 

Q 

Q 

Q 






P 

o 

u 





lO 

in 

in 

in 

in 

m 

in 

m 

in 

m 

m 

in 

m 

in 

m 

in 

in 

in 

CM 

CM 

C>J 

oi 

CM 

CM 


, . ts. 

CM 

CM 

CM 

CM 


fs. 




CM 

i 

r 

1 

1 

f 

1 ' 

^ | 

A 

1 

1 

1 

1 

1 

1 1 

1 

1 


1 1 

I 

in 

in 

m 

m 

m 

in 

A 

in 

in 

in 

m 

m 

m 

m 

in 

m 

in 

in 








CM 





CM 

CM 

CM 

CM 

CM 

















CD 

z4 

cc 

ca 

o 

X 

CO 

2 


-J 

vJ 

Q 

L 

ft. 

Cfl 


a 

Q 


3 


09 

- 


u 

09 

Z£ 

P 


o 


Cfi 


C 0 

rt', 


q 

2 

03 


a. 


q 5 

O 3 

CX’P 


> 

- 03 

t-^ 

= a 

E „ 
.y x: 

Cfl 

— c 

5 ° 

Cj — 

5 o 

3 so 

a, ^ 

a 2 

h o 


0 j 

cl 


r 


G L- 


0: 

CL 

Q 

03 


r , 

03 

v: 

cr. 

03 

G 


T 

** 

CD 

CO 





*5 


v. 


d 

t- 

bXI 

^ V 


s. 

t-H. 

C 

P- 


v; 

C/3 

S-, 

- 

fG 

V 4 

O 

P 


c/3 

* 

< 


- 

S3 

p> * 

a 


^ >v a 
c a 


PL — 

c c 


/3 

.2 .2 £ 

CO 03 . 

. . pl 

W W J 

J J dr 


c 

- 

t- 

o 

* 

u 

OP 

d& 

PL PL 

c c c 

d c/3 


V3 V3 


£ £ 

C/3 C/3 


C/3 

N 


£ £ ^ 


T" 'O '•*•, 


C 

cfl 

y _ 

a 

2 

* 

r i 


G 

CO 

f-4 

O 


d 

M 

o 


c 

d 





oc * 

* 

* s 


U 

£ 

c« 

E 

c/3 


U 

pV 


£ “j 


■Jj 

« 

OP 


K 


< < < 


P 8 G 


r 

E 


— 

V3 


- 

* h 


< c 

4* 

T CC 

"S C2 

G "77 

C *P 


S3 PI 


w' 


L3 W 




3r. 


00 

s a 

2 "5 


^ fc 


W I 

a. a 


■r. 

r CTJ 

p> t 


£ 

cc 


U3 

r#5 

* ■* 

- 


CO 

ri 


y 
^ * 

J-. 


a 


S z: 

-. v. 




"C 



vj 

L 

L 


r ^ 


L3 

O 

U 


^ j 


- 


tc 


2 -2 -E 

2 c: ‘c 

r d 0- '0: o: 

00 


a zr 


o; 0 , 
-c ao 
P c 


g 

C3 r 


■-. 


L L L: 

Jr' ^ 











MYCORRHIZAL FERNS 


301 


TJ 

GP 

a 


c 

o 

CJ 


w 

1 


— 

< 


u 

o 

p 


u 

<d 

"c 

CJ 


■u 

i 


CP 

Cl 
>, 
H 


G 

O 

O 

33 


e: 

to 

P 

P 


o 

CC 

C/3 

l 

p 

v: 


X 

CP 

f ' 

— 




CQ 


in 

CM 



!-t 

a 


z 

P 


- 


• - 

fi-4 

O 



U 


u 

4 

P 

08 


<g CO 


co 

VC 


VC 

: < 


< o 

'H a 
o ^ 

X 

co * 

* 

r i 


X 

C 

o; 

E® 

3 
CQ 
CQ Cl 


Cj 

Cp 


r 

a * 




o. 


< ra < 


< 


— 


f> 


c x cn 

IN. CM CC 
lO CO LO 


OP 

LQ 

LO' 


LO 


tN 

o 

LO 


00 

o 

to 


2 2 5 



v « p 

2 2 2 


C-H *— 

a CP 1 

c g 


r' 


i: 

d 


— 

OP 

d 


OP 

d 


OP 0 O 

hJ j 


m 

P 


OP 


OP 

p 


t—t 

Q 

d 

p 

op 

p 


GP X 


0: 


H 

CO 

W u 

CO O 

3 2 

2 u 

u ' ~ 

Oi « 

d$ • 


e% 

« 

E 

C/3 

es 


68 


< 


co 

lO 

LO 



d 




LO 

lO 

LO 

to 

LO 

LO 


LO 

tN 

1 

CM 

f 

IN 

CM 

CM 

CM , 

1 

CM 

i 

III 

1 

I * 

1 

LO 

25 

LO 

25 

LO 

in 

LO 



x 


oi 

< 


oi 

< 


oi 

< 


x 

C 


CO 


co 

oi 


> 

co 

X 

OP 

CO 

c 

CQ 


< Zf 


X 

GP 

CO 

Cl 

CQ 

CO 

oc 

Cy 


vc 

*x 


X 


X 

O 

oi 

*3 


x 


- 


C x 


CQ 


L. 

O 


a -g 

G CJ 


OP 

P 

-X 

5 


CP 

"C 


Cx 

d 

0 

_ 

X 
■ _ 


U 

x 

C 

Cj 


r 1 


tfl 

5 


G 

QP 


rs 

W 


: W 


tlil 


CJ 




c 

CO 


o 

n 


rj 

G 

c 


_r 
* - 

C\ 


*w 

W 

s 

X 


CQ Qj 


# 


g. jx 5 

S C: 

■ < 


2 2 

6 ■ 
o 





C 

C 

ft- 


Pi 


U 


CD 


GP 

a 

GP 

P 


Cx3 

W 

w 

w 

w 

w 

p 

w 

CO 

CO 

co 

CO 

CO 

CO 1 • 

CO 

CO 

P 

p 

p 

p 

p 

p 

p 

p 


LO 

CM 

I 

LO 


Oi 

* 

< 


x 

OP 

X 

C 

Ci 


x 

*C 

r 1 


CO 

t—I 

0 



C 

C 

“C5 

a 

Cl 

X 

Q* 


auQQppnww 


d 

X 


LO 

CO 

M* 


c c c c 


CO 

□3 

1 * 


o 

LO 


to 


o 

>G 


N 

CO 

ou 



c 

d 

jH 

OP 

P 


= 

N 

rfl 

a- 


X 

C/3 

X 

p 

# 

P 

0 

P 

o 

o 

o 

>G 

»G 

If 


g 

"3 

N 

N 

N 

CO 

cc 

ns 

PU 

CL 

PU 


2 


OP 




OP 


GP 

G 


Cd u 

co co 

P P 


w 

co 

p 


w 

CO 


LO 

tN 

I 

lO 

CM 


LO 

CM 

l 

LO 


LO 

tN 


LO 

CM 


LO 

CM 

I 

LO 


OP 


cd * w 

o c 

a s 

u d 

Oi Ci 


CO 


oi 


< < 




jA ^ 


M 

# ~ 

fr~ 


OP 


OP 

P 


GP 

P 


(N- 

P 
ro 00 

Q P 


w 

co 

P 


w w 

CO CO 

P c 


LO 

V 


LO 

C“J 

I 

LOi 


LO 

CM 

I 

LO 


LO 

CM 

r 

LO 


*n 


S 

WD 

d 

- Oi 

co 


co 


oi 


< 


a 

N 

_C 


o o 


C- 


* 

M 


• 

Q 

X 


f— 


G 



VC < 

< i 

CO 

> . 
x 

GP 

Q 


GP 

-c 



O 

Cj 


c o p 


a G 

___ 'j^ml m, 


GP GP 


C r i 




r o f •% 

, ' w ^' Qj 
* * 

O 

fl ' 


VC G 2i 

G 

c; 

c 



GP 

gp 

e# £ c# 


G 



c 

O 

O 


2 


Oi 5 ^ ^ 


a 


0^ CO 


z 


z 


**4 


2 o 

P< G, 

O o 

~ 9u 

S £ 

* » m , 

w ^ 

2 § 


Op 

L. 

Q 

CP 

i 

x 


m 


r 

r\ 


CO 


jS 




few 


.t A *r 


00 Q 


to 

IN CO 

LO Tf 


s s 


ti 

'GP 


GP 

P 


f-, 

OP 

G 

J3 

OP 

p 


p p 

2 2 
< < 


LO 

CM 

I 

LO 


LO 

IN 

I 

lO 

Cvl 


L 

o 

± 


OP 

ZC 

z 


a 

P 

m 

P 

co 

m 

CJ 

D 

< 


G 

C 




G a 


x 

% 


G 

e 

N 

C 


c 


GL 5 


P 


IN 


W ^ 

CO 


L-t 

GP 

G 




x 



> 

d 


G 

X 

C 

G_ 

g; 

s? 





















302 


AMERICAN FERN JOURNAL: VOLUME 99 NUMBER 4 (2009) 


Table 2. Distribution of the 85 investigated species onto the registered categories: total numbers 
are followed by percentages per life forms (columns) and infection types (rows) in brackets. 
Abbreviations are the same as in Table 1; NM = non-mycorrhizal; ** six species occurred on more 
than one substrate, adding 7% to the total count and 20% to NM. 


Species 

All 

t 

e 

s 

total 

85 (100/100**) 

55 (100/64.71**) 

29 (100/34.12**) 

7 (100/8.24**) 

AMF 

19 (22.35/100) 

16 (29.10/84.21) 

1 (3.45/5.26) 

2 (28.57/10.53) 

DSE 

36 (42.35/100) 

17 (30.91/47.22) 

17 (58.62/47.22) 

2 (28.57/5.55) 

NM 

30 (35.30/100**) 

22 (35.29/73.33**) 

11 (37.93/36.67**) 

3 (42.86/10.00**) 


(1987) estimated that 82% of angiosperms host mycorrhizae; Wang and Qiu 
(2006) concluded that 80% of all land plants are mycorrhizal. 

Studies focusing on ferns and lycophytes found similar results to ours. 
Values gathered from literature (Boullard, 1958; Cooper, 1976; Berch and 
Kendrick, 1982, Iqbal et al., 1981, Gemma et a/., 1992, Lesica and Antibus, 
1990, Moteetee et al., 1996; Ragupathy and Mahadevan, 1993, Schmid et al., 
1995, Muthukumar and Udaiyan, 2000; Zhao, 2000; Zhang et al., 2003) sum up 
to 68% of general fungal colonization and to 53% of AMF in ferns and 
lycophytes (M. Lehnert, unpubl. data). Wang and Qiu (2006), considering only 
AMF, found a comparable 52% of the species of ferns and lycophytes to be 
mycorrhizal. 

Despite the congruence in general mycorrhizal infection, our survey found 
AMF in only 22.35% of the species, including 29.10% of the terrestrial, 
28.57% of the saxicolous species, and only 3.45% of the epiphytes. In contrast, 
DSE showed a similar presence in terrestrial and saxicolous species (30.91% 
and 28.57%), but they dominated over AMF in the epiphytic species with 
58.62%. 

The discrepancy in AMF percentages between our study and the average is 
likely due to our selective sampling. We laid the focus on predominantly 
epiphytic taxa, and although we still examined more terrestrial than epiphytic 
samples, we evidently included a higher percentage than previous studies. 
The epiphytic habitat is rarely colonized by AMF because their spores are not 
easily dispersed from the soil. Furthermore, most AMF are dependent on their 
host, requiring the presence of a facultatively mycorrhizal plant for 
successfully establishing the symbiosis on a chorophyte (Janos, 1993). Thus 
the low presence of AMF in epiphytes (3.45%) is not surprising. DSE. 
however, have spores that get airborne and are thus more likely to contact the 
roots of epiphytic plants. Epiphytic plant species are well known to suffer from 
nutrient shortages and should greatly benefit from a fungal symbiont (Lesica 
and Antibus, 1990). If DSE are excluded in surveys as potential mycorrhizal 
partners in ferns and lycophytes (Lesica and Antibus, 1990; Michelsen, 1993), 
the recorded mycorrhization is low or absent, in our case only 22.4%. If they 
are regarded as mycorrhizae, the mycorrhization level will increase (Schmidt 
et al.. 1995; Kottke, 2002), in our case to 42.35%. Overall, the degree of 
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infection by DSE was higher in our study than in any other previous study on 
ferns and lycophytes. 

Beyond these general patterns, it is worthwhile to focus on individual study 
groups. The Hymenophyllaceae nicely mirror the general distribution pattern 
of the fungal infections. Terrestrial and saxicolous species have predominantly 
AMF, whereas DSE prevail in epiphytes. Gammitid ferns (Polypodiaceae), 
however, have almost exclusively DSE, no matter if they grew as epiphytes or 
as terrestrials. This apparent conflict with the general trend is due to the 
microhabitats inhabited by the species. The investigated terrestrial grammitid 
ferns usually grew in thick moss cushions like their epiphytic kin and by this 
means under very similar ecological conditions, which may lead to 
maintaining the type of mycorrhiza. Furthermore, most of the species sampled 
as terrestrials are either potentially epiphytic or closely related to epiphytic 
species. Only the samples of Melpomene occidentalis Lehnert rooted directly 
in mineral soil and showed no fungal infection. Opposed to this, the samples 
of eleven terrestrial and epiphytic species of non-grammitid Polypodiaceae 
from the investigated area are free of fungal infections, which is congruent 
with previous reports (Lesica and Antibus, 1990; Schmid et al., 1995). Since 
grammitid ferns represent a clade nested deeply within the Polypodiaceae, it is 
likely that the original condition in the family is a lack of mycorrhization and 
that mycorrhization has been secondarily regained in grammitid ferns. 
Apparently, this symbiosis was developed with DSE rather than with 
glomeromycetes. A similar situation of loss of AMF mycorrhization and 
secondary gain of DSE mycorrhization, also related with shifts between the 
terrestrial and epiphytic habitat, has been reported in liverworts (Kottke and 
Nebel, 2005). 

The genus Elaphoglossum showed no clear correlation between the types of 
substrate and fungal infections. The genus Asplenium is not very diverse or 
abundant in the study sites and occurred only on the lower slopes where 
nutrients are accumulated (Gradstein et al., 2008). The absence of mycorrhizae 
in our samples may be related to the improved availability of nutrients at their 
microhabitats. Previous studies found generally low infection rates in the 
Aspleniaceae (e.g., Boullard, 1958) and often varying results within a species, 
indicating that most species may be only facultatively mycorrhizal. 

Gleicheniaceae are usually axiomatic for strong presence of mycorrhizae 
(100%; Boullard, 1958,1979). It is assumed that this affects both their ability to 
grow on nutrient deficient soils and their inability to be transplanted and 
cultivated. Surprisingly, we found only 40% of our samples infected by AMF. 
Their root samples, however, were difficult to prepare because of a tough 
texture and dark, persistent cortical colorants. The necessary clearing with 
hydrogen peroxide may have affected the colourability of fungal hyphae with 
dye. Possibly a higher percentage of fungal infections was present but not 
detectable in our samples of Gleicheniaceae. 

Our results for the Cyatheaceae are much lower (50% of specimens infected) 
than the results of previous surveys (100% of specimens infected; Boullard, 
1958; Hepden, 1960). The tree ferns (families Cyatheaceae and Dicksoniaceae) 
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bear the difficulty of acquiring fine roots from the compact subterranean root 

system that many species develop. Aerial roots from the trunks are easier to 

harvest but are expected to lack mycorrhizae because they are less likely to get 

in contact with inoculum of soil fungi. In order to bypass this s am pling 

artefact, the plants included in this study were either small species or young 

plants of easily assignable larger species, which can be uprooted with most of 

their roots. One explanation for the low infection rate could be that these 

juvenile plants of Cyathea are less dependent on mycorrhizae than mature 

plants. The trunk-less tree ferns dwell in the shade where these often sun- 

loving species are under lesser drought stress but presumably achieve only a 

part of their potential photosynthetic rate. The profits of better supply with 

water and micronutrients may not compensate the cost of sharing assimilates 
with symbiotic fungi. 

We are aware that negative results in any species here included do not 
exclude the potential occurrence of mycorrhiza in other individuals of the 
same species. We aim to widen our sample size and want to include 
conspecific samples from sites with different substrate chemistry. This should 
allow us not only to distinguish between facultative and obligatory 
mycorrhizae but also about the conditioning factors. 
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